The innate immune response shapes the development of adaptive immunity following infections and vaccination. However, it can also induce symptoms such as fever and myalgia, leading to the possibility that the molecular basis of immunogenicity and reactogenicity of vaccination are inseparably linked. To test this possibility, we used the yellow fever live-attenuated vaccine (YFLAV) as a model to study the molecular correlates of reactogenicity or adverse events (AEs). We analyzed the outcome of 68 adults who completed a YFLAV clinical trial, of which 43 (63.2%) reported systemic AEs. Through whole-genome profiling of blood collected before and after YFLAV dosing, we observed that activation of innate immune genes at day 1, but not day 3 after vaccination, was directly correlated with AEs. These findings contrast with the gene expression profile at day 3 that we and others have previously shown to be correlated with immunogenicity. We conclude that although the innate immune response is a double-edged sword, its expression that induces AEs is temporally distinct from that which engenders robust immunity. The use of genomic profiling thus provides molecular insights into the biology of AEs that potentially forms a basis for the development of safer vaccines.
Introduction
Vaccines have played a foundational role in preventing infectious diseases. Smallpox and polio, which have collectively devastated millions of lives for centuries, have now been eradicated and eliminated in most parts of the world, respectively, through the widespread implementation of effective vaccines (1) . Several other childhood or congenital diseases, such as measles, mumps and rubella, have also been controlled through vaccination programs. Despite the success of vaccination, however, there is an increasing mistrust in vaccines stemming from the adverse events (AEs) following vaccination (2) . While much of the fear is indeed misguided, there remains a paucity of information on the molecular basis of AEs. This contrasts with the efforts that have already been expanded to understand the molecular basis of immunogenicity, findings from which have provided insights on how vaccines could be designed to elicit improved immunogenicity. We posit that a detailed understanding of the molecular processes that lead to AEs would provide a molecular basis to develop vaccines with fewer AEs and a more objective approach to evaluating vaccine safety.
The molecular basis of immunogenicity has been studied using peripheral blood samples collected from individuals vaccinated with the yellow fever live-attenuated vaccine (YFLAV) (3) (4) (5) (6) . This vaccine is both safe and highly immunogenic, with long-term immunity engendered from a single dose (7) . Previous studies have consistently identified the innate immune response, particularly expression of genes in the Tolllike receptor and type I IFN pathways at days 3 to 7 after vaccination, as predictive of the adaptive immune response to vaccination (3) (4) (5) (6) (7) (8) . These findings are consistent with the known role of the innate immune response in activating the adaptive immune response, the memory of which confers long-term immunity. However, the innate immune response is partly proinflammatory, which is responsible for symptoms such as fever, myalgia, and headache typically encountered in acute febrile illness (9) . That the degree of innate
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immune response is directly correlated with the robustness of adaptive immune response suggests that potent vaccines are inherently reactogenic; the innate immune response could drive both vaccine immunogenicity and AEs (10) . If this is true, then immunogenicity and reactogenicity are a molecularly intertwined yin-yang of vaccination; AEs are undesired but necessary collateral effects of potent vaccines.
Here, we report an exploratory analysis of a randomized, open-label clinical trial on YFLAV to test the hypothesis that the correlates of immunogenicity also correlate with AEs. We identify the molecular signatures of systemic AEs and show that, although the innate immune pathways are also associated with the development of postvaccination AEs, their correlation with AEs and immunogenicity are temporally distinct.
Results
Characteristics of subjects and YFLAV AEs. The original trial protocol explored the effect of cross-reactive antibodies on YFLAV immunogenicity (5) . Figure 1 shows the number of subjects enrolled. Of the 68 subjects that completed the study per protocol, 43 (63.2%) reported systemic AEs. No significant difference in age, body mass index, gender, and ethnicity were found between those with or without AEs (Table 1) . Overall, our published AE rates were comparable to the previously reported AE rates following YFLAV administration (21%-72%), depending on the study design (11) (12) (13) (14) (15) . Using the distribution of fever onset as a guide, as it has been shown to be a significant AE in those who received YFLAV compared with placebo (11), we divided the AEs into immediate or delayed based on whether the AE onset occurred before or after 24 hours after vaccination ( Figure 2 , A-C). Of the 43 subjects who reported AEs, 26 subjects reported only delayed AEs while 16 reported immediate AEs that fully resolved before new-onset delayed AEs. Only 1 subject reported immediate AE without onset of any new AE after the first 24 hours after vaccination. Hence, 17 subjects had immediate AEs, while 42 had delayed AEs (Figure 2A ). The distribution of the types of immediate and delayed AEs is shown in Figure 2B , as well as Table 2 . The delayed AEs have a median onset of 6 days after vaccination ( Figure 2C and Table 3) , and lasted for a median of 1 day (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.96031DS1). The immediate AEs were limited to mostly fatigue that lasted also for a median of 1 day. Given the larger numbers with delayed AEs and to avoid confounding our findings with multiple analyses of the 16 subjects with both immediate and delayed AEs, we thus focused our analysis on identifying the correlates of delayed AEs. All AEs were coded Figure 1 . Consort diagram of the study. Subjects were vaccinated with yellow fever live-attenuated vaccine (YFLAV) with or without history of prior Japanese encephalitis (JE) vaccination. Subjects were followed up for development of adverse events (AEs) for 1 month. Each systemic AE was subcategorized by system organ class: CNS, musculoskeletal (MSK), respiratory (RESP), and gastrointestinal (GI). Blood was sampled for antibody levels, viremia, and gene expression at stipulated time points (see main text for details) according to the Common Terminology Criteria for Adverse Events (CTCAE), version 4.0 (16) . Subjects with systemic AEs were classified as possible, probable, or definite based on clinical evaluation by the investigators during study follow-ups. Of the 43 subjects, 29 had possible and 14 had probable systemic AEs (Supplemental Table 1 ). None of the systemic AEs were classified as definite; all documented definite AEs were localized reactions. Likewise, none of the subjects in our cohort developed severe neurotropic or viscerotropic disease.
Anti-YF antibody titers and YFLAV viremia levels in subjects. To determine if immunogenicity was intricately linked with AEs, we compared the YF-neutralizing antibody titer at 1 and 6 months after vaccination in those that experienced delayed AEs with those without any AEs ( Figure 2D ). No significant difference between these groups was observed at either postvaccination time point. Likewise, no difference in YFLAV viremia levels ( Figure 2E ) at day 3 or 7 was observed between subjects with or without AEs; day 7 viremia had previously been shown to be directly correlated with YF-neutralizing antibody titers at 1 month after vaccination (5) .
Systemic AEs are associated with upregulation of innate immune gene sets at day 1 after vaccination. Whole-blood genome changes following vaccination were measured using microarray. Total RNA was extracted from whole blood of 26 subjects (18 with delayed AEs, 8 without AEs) that were collected immediately before YFLAV administration (day 0), as well as at days 1 and 3 after YFLAV. This data set was previously analyzed to determine the correlates of immunogenicity (5) . To identify the gene expression changes associated with AEs, we performed gene-set enrichment analysis (GSEA) on the microarray data (17) . A total of 14 gene sets in blood obtained at day 1 after vaccination were enriched in the delayed AE group versus the non-AE group (Supplemental Table 2 ). Gene sets with the highest normalized enrichment scores (NES) included multiple Toll-like and NOD-like pattern recognition receptors (PRRs), innate immune system, and IFN signaling (Figure 3A) . Specific genes within these pathways were upregulated between days 0 and 1 in those who reported AEs. In contrast, these same genes were mostly downregulated in those who did not report AEs ( Figure 3B and Supplemental Figure 2 , A-F). These gene sets remain significantly enriched even after excluding the 6 subjects who reported both immediate and delayed AEs from analysis (Supplemental Figure 3) .
To determine if the expression of these genes segregated according to the classification of AEs, we analyzed those with probable (n = 7) and possible (n = 11) AEs separately, and compared each to those without AEs. Despite the smaller number of subjects, comparison between probable AEs with no AE identified differentially expressed pathways at statistically significant levels (Supplemental Figure  4A) . Comparison of possible AEs with no AE, on the other hand, failed to identify any pathway that reached statistical significance (Supplemental Figure 4B) , although a heatmap of the genes belonging to Toll-like and NOD-like PRRs as well as the IFN signaling pathways shows distinct trends in subjects with systemic AEs compared with those without symptoms (Supplemental Figure 4C ). This analysis thus identifies further support for the notion that expression of genes in the innate immune pathways is associated with development of systemic AEs. Age, gender, ethnicity, and BMI of the subjects that have completed the trial and were analyzed for adverse events (AEs) attributed to yellow fever liveattenuated vaccine (YFLAV) (n = 68). AEs were segregated by system organ class: systemic (SYS), CNS, musculoskeletal (MSK), respiratory (RESP), and gastrointestinal (GI).
A Others: Caucasian, Chinese-Japanese.
To validate the microarray findings, we used the nCounter assay (Nanostring Technologies), as it offers advantages including high sensitivity, reproducibility, and multiplexity using limited amounts of clinical material (18) . This analysis identified the same sets of genes that were shown to be differentially regulated by microarray (Supplemental Figure 5A and Supplemental Table 3 ). Likewise, analysis of another set of samples not previously analyzed by microarray also identified the same sets of genes as being differentially expressed in those with AEs compared with those without (Supplemental Figure 5 , B-H). The expression of several of these genes also directly correlated with the number of reported symptoms by the subjects; the higher the expression of these genes, the more symptoms were reported by the subjects ( Figure 3C and Supplemental Table 4 ).
In contrast to the day 1 data, no gene sets were enriched in blood of subjects with delayed AEs taken at day 3 after vaccination compared with those who did not report any symptom ( Figure 3D and Supplemental Figure 6A ). This finding was consistent even after the subjects who reported both immediate and delayed AEs were removed from analysis (Supplemental Figure 6 , B-D). Collectively, these observations indicate that differential expression of innate immune genes at day 1 after vaccination is associated with the development of systemic AEs. Tables 5-7) . As expected, the pathways associated with both MSK and CNS AEs were PRRs, cytokines, and inflammatory signaling processes ( Figure 4C and Supplemental Table 5 ). These findings suggest that innate immune, cytokine, and inflammatory responses modulate nociceptive pathways and thus contribute to hyperalgesia (19, 20) .
The gene sets that were uniquely enriched in vaccine recipients with MSK AEs included adenosine diphosphate (ADP) signaling via purinergic receptors P2RY1 and P2RY12, as well as metabolism of sphingolipids, glycerophospholipids, and glycerosphingolipids (Figure 4 , D and G, and Supplemental Table  6 ). Interestingly, the genes in the P2RY1 and P2RY12 pathways are predominantly G protein-coupled receptors and signaling components belonging to the family of P2Y receptors. These receptors are widely expressed in neuronal and neuroglial cells as well as peripheral leukocytes and are known to play important roles in eliciting proinflammatory responses (21) . They have previously been shown to be involved in the initiation and modulation of visceral, cutaneous, and MSK neuropathic as well as inflammatory pain following trauma and infection (22) . They have also been associated with myalgic encephalomyelitis (23) (24) (25) (26) . In contrast, genes related to DNA synthesis and cell cycle regulation were specifically downregulated in those with MSK AEs (Figure 4 , E and H, and Supplemental Table 6 ).
The top upregulated gene sets that were unique to those with delayed CNS AEs were signaling by stem cell factor (SCF) and semaphorin 4D (SEMA4D) signaling (Figure 4 , F and I, and Supplemental Table 7 ). SCF binding to the tyrosine kinase receptor c-kit mediates numerous biological functions in hematopoietic cells and leukocytes that regulate hematopoiesis, erythropoiesis, inflammation, and activation of both innate and adaptive immune functions (27) . SCF signaling in neurons is also known to play an important role in regulating pain sensitivity and pathogenesis of headache (28, 29) . Interestingly, semaphorins were first identified as regulators of axonal growth, and subsequently shown to function in antigen-presenting cells and T cell stimulation (30) . The association between semaphorin, SCF expression and headache suggests a vestigial neuroimmune interaction that remains to be fully defined. 
Summary of signs or symptoms following yellow fever live-attenuated vaccine (YFLAV) administration, segregated based on system organ class. Immediate adverse events (AEs) represent those with onset 24 hours or less after YFLAV administration. Delayed AEs represent those with onset more than 24 hours after YFLAV administration. MSK, musculoskeletal. Total number of subjects analyzed for AEs = 68.
We also took the opportunity to examine if any of the differentially expressed genes in our study overlapped with genes identified in autistic spectrum disorders. Cross-checking with the list of 261 curated human autism risk genes (Supplemental Table 8 ) from AutDB revealed no overlaps with those enriched in our subjects (31) .
Discussion
YF vaccine has been used to identify the molecular correlates of immunogenicity. Induction of the innate immune and proinflammatory responses at days 3 to 7 after vaccination has been identified as correlates of the neutralizing-antibody response (3-6). In addition, we have also shown that a longer duration of viremia resulted in higher neutralizing-antibody levels following vaccination; viremia at day 7 but not day 3 after vaccination positively correlated with YF-neutralizing antibody titers (5). Our findings from this study add to this body of knowledge by demonstrating that the correlates of immunogenicity of YFLAV were not associated with delayed AEs. Instead, we show that an earlier activation of innate immune and proinflammatory genes, at day 1 after vaccination, drove the onset of delayed systemic AEs, the median time of which was at day 6 after vaccination (Supplemental Figure 7) . Furthermore, the induction of innate immune response was significantly associated with probable AEs instead of possible AEs, despite a smaller number of subjects in this stratified analysis. The lack of association between the innate immune response at day 3 after vaccination and systemic AE is further supported by the observed lack of significant difference in neutralizingantibody titers against YF virus between those with and those without AEs; the innate immune response at day 3 but not day 1 correlated with YF-virus-neutralizing antibody titers (5). These findings thus suggest that the molecular determinants of immunogenicity and reactogenicity are not intricately linked.
Besides the correlation with systemic AEs, expression of specific sets of genes at day 1 after vaccination also appear to be associated with commonly reported symptoms, namely myalgia and headache. Many of these gene sets, such as the purinergic receptors and semaphorins, appear to play regulatory roles in CNS function as well as immune response. Our findings thus support the notion that the nervous and immune systems have evolved common signaling and cell-cell communication pathways (32) . It would be interesting to explore the commonalities in development and evolution of these 2 systems and whether these shared pathways represent vestiges of a common progenitor.
The lack of association between viremia levels, either at day 3 or day 7 after vaccination, with delayed AEs is interesting. This finding is in contrast to previous studies on dengue where viremia levels appear to be correlated with clinical outcome of infection (33, 34) . The rationale for these discrepant findings is unclear. The subjects in our study received a constant dose of YFLAV. Whether they develop AEs or not could thus be due to genetic heterogeneity in our subjects. Such genetic heterogeneity could also play a role in influencing the outcome of wild-type infection. However, wild-type infection is caused by inoculum from mosquito vectors that may not inject a constant dose of virus into the human host. Different strains of virus may replicate to higher titers in the mosquito salivary gland and there may also be variation in the amount of saliva secreted by individual mosquitoes during blood meal. All of these factors could influence the viral load in the inoculum that also shapes whether the infected individual develops an asymptomatic or symptomatic infection. (100) 27 (100) 23 (100) 11 (100) 11 (100) Each systemic adverse event (AE) was subcategorized by system organ class: systemic (SYS), CNS, gastrointestinal (GI), musculoskeletal (MSK), and respiratory (RESP).
A Day of onset after yellow fever live-attenuated vaccine (YFLAV) administration.
The development of AEs may also not be due to YFLAV but rather other constituents in the vaccine. YFLAV is produced in embryonated chicken eggs and recovered through addition of sterile water, homogenization, and clarification by centrifugation to yield supernatant fluid harvest (35) . Following sterility tests, the virus is then suspended in a stabilizing medium containing a mixture of buffers and salts (35) . Whether trace levels of egg antigen or any components of the stabilizing medium contribute to the development of AEs cannot be established from our study. Studies that include a placebo produced in the same way as YFLAV but with mock-infected embryonated eggs Unique gene sets ranked by NES for subjects with (D and E) MSK and (F) CNS AEs. Heatmaps of genes in adenosine diphosphate (ADP) signaling, sphingolipid metabolism, anaphase-promoting complex/cyclosome (APC/C) regulation of the cell cycle, activation of prereplicative complex, signaling by stem cell factor (SCF) kit, and SEMA4D in semaphorin signaling for subjects with (G and H) MSK AEs and (I) CNS AEs.
will be needed to dissect among the various components of YFLAV to identify the exact stimulus of the correlates of AEs.
Our findings have another important medical implication. As the median time of AE onset coincides with the expression of the molecular correlates of immunogenicity, administration of antiinflammatory drugs during this time to alleviate AEs could potentially suppress adaptive immunity. Indeed, this outcome has been previously suggested in some clinical studies that observed reduce antibody titers in subjects who received anti-pyretics after vaccination (36) . Our findings provide a plausible molecular explanation for this outcome and raise caution on the use of antiinflammatory drugs after vaccination.
In conclusion, we observed no association between previously identified correlates of immunogenicity with development of AEs. Although the innate immune response underlies the development of both immunogenicity and reactogenicity, the temporal separation in the molecular correlates of these outcomes suggests that they are not the inseparable yin-yang of vaccination.
Methods
Clinical trial design and randomization. The results of this study were based on an exploratory analysis of a recently published, open-label, randomized clinical trial that evaluated the impact of cross-reactive Japanese encephalitis (JE) antibodies on YF vaccine immunogenicity conducted at the SingHealth Investigational Medicine Unit in Singapore (5). The study was initiated in 2013 and completed by 2015. The design of this study and statistical methods were previously described in detail (5) . In brief, volunteers were eligible if they were prescreened to be negative for anti-dengue antibodies by ELISA (Panbio Dengue, IgG, Alere), had not previously received JE and YF vaccinations, had normal baseline serum hematological/renal/hepatic chemistry levels, and no contraindications against immunization (immunosuppression, pregnancy, known hypersensitivity reaction to vaccine components). These subjects were randomized into 2 arms: subjects in the JE vaccine arm received 2 doses of inactivated JE vaccine (Ixiaro, Novartis Singapore Pte Ltd) followed by YFLAV administration (Stamaril, Sanofi Pasteur) at 1, 4, or 9 months after JE vaccination; subjects in the YFLAV-only arm received no prior JE vaccination. With the exception of one subject who was recruited last in the clinical trial, all subjects received the same YFLAV batch. Serum was collected on days 0 (pre-YFLAV administration), 1, 3, 7, and 1 month after vaccination for analysis. Throughout the entire study period, all local and systemic symptoms experienced up to 1 month after JE and YF vaccination were collected. For this study, only symptoms reported following YFLAV administration were analyzed.
Safety and AE assessment. Assessment of safety and AEs following YFLAV administration was previously described in detail (5) . In brief, an AE following immunization is defined as any untoward medical occurrence that follows immunization and that does not necessarily have a causal relationship with the vaccine's usage. A serious AE is defined as any untoward medical occurrence that is life-threatening, requires in-patient hospitalization, results in persistent or significant disability, or is a congenital defect. Participants were educated to use a daily diary to record any local and systemic symptoms for a 1-month period following immunization. During each study visit after YFLAV administration on days 1, 3, 7, 15, and 28, the participant underwent physical examination, vital signs measurement (blood pressure, temperature, pulse rate, and respiratory rate), and diary review by a team of trained physicians. The reported AEs were described in accordance with CTCAE version 4.03 recommendations (16) . Causality was determined by the evaluating physician based on the temporal relationship of AEs to administration of YFLAV, clinical judgment, and the evidence of signs and symptoms indicating alternative diagnoses. Each AE terminology, the time and date of event start and end, severity (1, mild; 2, moderate; 3, severe), relatedness to vaccination (1, not related; 2, unlikely related; 3, possibly related; 4, probably related; 5, definitely related), treatment given, and outcome of the event was recorded from day 0 to month 1 following YFLAV administration or until resolution of the event. Although all AEs were noted, only AEs of which symptoms considered possibly, probably, or definitely related to YFLAV administration not limited to local injection site (including vaccination site pain, bruising, redness, itch, and swelling) were further analyzed in this study. Using the distribution of fever, which began on day 1 after vaccination as a guide, all subjects with systemic AEs were divided into (a) the immediate group if they reported AEs within 24 hours after vaccination; or (b) the delayed group if they either reported immediate AEs within 24 hours of vaccination that resolved before reports of new onset AEs after 24 hours after vaccination, or reported AEs only after 24 hours after vaccination. All AEs were further classified into organ system classes based on CTCAE definitions (16): CNS, MSK, respiratory (RESP), and gastrointestinal (GI) AEs. Only the most common organic-specific AEs -CNS and MSK -could be further analyzed in this study.
Viruses. YF17D virus was isolated from Stamaril, passaged once in Vero cells (ATCC) and stored at -80°C until use. Infectious titer was quantified by plaque assay as previously described (5) . All cells were tested to be free from mycoplasma contamination.
Plaque reduction neutralization test. Plaque reduction neutralization test (PRNT) was performed on BHK-21 cells (ATCC) as previously described using test subjects' sera obtained on day 0 and 1 month after YFLAV administration (5) . All cells were tested to be free from mycoplasma contamination. Briefly, serial 2-fold dilution of sera in RPMI maintenance media (MM) was incubated with 40 PFU of YF17D virus in equal volumes (100 μl) for 1 hour followed by addition to BHK-21 cells. The mixture was aspirated after incubation for 1 hour at 37°C, and cells were overlaid with 1% carboxymethyl cellulose in MM. After incubation for 5 days at 37°C, cells were fixed with the addition of 20% formaldehyde and stained with 1% crystal violet. PRNT 50 values were determined with a sigmoid dose-response curve fit and reported as reciprocal values. For each subject, internal controls were available by collecting serum samples before and after vaccination for determination of neutralization-antibody titer. All experiments were conducted in technical triplicates.
YF17D viremia assessment with qPCR. Viral RNA from sera was extracted using a viral RNA isolation kit (Qiagen), followed by cDNA synthesis (iScript, Bio-Rad) and real-time qPCR (SYBR Green, Roche) in accordance with the manufacturer's protocol. The YF17D primers, RNA copy number standards used, and calculation methods were published previously (5) . All experiments were conducted in technical triplicates.
Gene expression analysis with microarray. Whole blood was collected from volunteers on days 0, 1, and 3 in relation to YFLAV administration and stored in Tempus blood RNA tubes at -80°C. RNA isolation and DNAse treatment were performed according to the manufacturer's protocol (PAXgene blood RNA kit, Qiagen). Microarray was performed with Illumina Human HT-12 v4 BeadChips at the Duke-NUS Genome Biology Core Facility as previously described and deposited in the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-4669 (5). Each experiment was performed in technical duplicates.
GSEA. Analysis of microarray data was performed using Partek software as described previously (5). Enrichment for up-or downregulated sets of genes from the REACTOME pathway database (version 5.2) was computed by running GSEA (GSEA Java software version 2.2.3, Broad Institute) against the fold change of day 1 or day 3 over day 0 (baseline) samples in subjects with either immediate or delayed AEs with those without AEs (17) . Gene sets were considered to be significantly enriched if their NES had an FDR q value of less than 0.25, as previously described (17) . Genes within a gene set that accounts for the enrichment score computed by GSEA (termed the leading-edge subset) were selected for generation of heatmaps and further validation with nCounter (17) . Heatmaps were created using GENE-E (Broad Institute, available on https://software.broadinstitute.org/GENE-E/).
nCounter RNA measurement. For nCounter (Nanostring Technologies) validation of microarray findings, RNA was isolated from volunteers' whole blood collected on days 0 and 1 in relation to YFLAV administration were used, and concentrations measured by RiboGreen (Thermo Fisher Scientific) according to the manufacturer's instructions. A custom-designed gene expression probe set was used. Total RNA (200 ng) was hybridized to the reporter and capture probe sets at 65°C for 12 hours. Hybridized complexes were immobilized on the nCounter Prep Station (Nanostring Technologies) using the high-sensitivity protocol and scanned using the nCounter Digital Analyzer (Nanostring Technologies) at 555 fields of view (FOV). Each experiment was performed in technical duplicates.
Data from nCounter were analyzed using NanoString's nSolver analysis software (version 3.0) as per the manufacturer's protocols. Internal negative control probes included in each assay were used to determine the background threshold (2 SD above the mean negative control probe count value) for each sample. Positive control count values were then used to normalize samples for any differences in sample preparation, hybridization, and nCounter Prep Station processing efficiency. No nCounter samples were flagged for quality control. Counts were normalized using 6 included housekeeping genes (TBP, ACTB, B2M, DECR1, PGK1, and PPIB). Changes in gene expression on day 0 versus day 1 in the form of log2 ratio and fold change were calculated for each subject.
Identification of autism spectrum disorder (ASD) genes. Genes linked to ASD were classified into 6 categories by AutDB (https://gene.sfari.org/autdb/GS_Home.do) (accessed 23 Feb 2017) (31): category S (syndromic genes), category 1 (high confidence genes), category 2 (strong candidate genes), category 3 (suggestive evidence genes), category 4 (minimal evidence genes), category 4 (hypothesized genes), and category 6 (not supported genes). All genes from category S, 1, 2, and 3 were compared with genes enriched in individuals with AEs.
Statistics. Data are represented as mean ± SEM. Statistical analyses were performed using Prism 6.0 software (GraphPad Software Inc.), and significance was determined by 2-tailed, Mann-Whitney test. P values of less than 0.05 were considered statistically significant. For GSEA data, gene sets were considered to be significantly enriched when their NES had an FDR q value of less than 0.25. Pearson's correlation (r) analysis of nCounter data was performed using RStudio 1.0.143 (RStudio, Inc), and P values of less than 0.05 were considered statistically significant.
Study approval. In brief, the study was approved by the SingHealth Centralized Institutional Review Board (ID: 2013/385/E) and was carried out in accordance with the principles of the Singapore Good Clinical Practice guidelines and in compliance with the Helsinki Declaration. The trial was registered on clinicaltrial.gov (registration number: NCT01943305). Informed written consent was obtained from all participants before inclusion in the study.
Supplemental data. Any supplemental information and data files are available in the online version of the paper.
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